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Polyglutamylation: a fine-regulator of protein function?
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Polyglutamylation is a post-translational modification in which
glutamate side chains of variable lengths are formed on the modi-
fied protein. It is evolutionarily conserved from protists to mam-
mals and its most prominent substrate is tubulin, the microtubule
(MT) building block. Various polyglutamylation states of MTs can
be distinguished within a single cell and they are also characteris-
tic of specific cell types or organelles. Polyglutamylation has been
proposed to be involved in the functional adaptation of MTs, as it
occurs within the carboxy-terminal tubulin tails that participate
directly in the binding of many structural and motor MT-associated
proteins. The discovery of a new family of enzymes that catalyse
this modification has brought new insight into the mechanism of
polyglutamylation and now allows for direct functional studies of
the role of tubulin polyglutamylation. Moreover, the recent identi-
fication of new substrates of polyglutamylation indicates that this
post-translational modification could be a potential regulator of
diverse cellular processes.
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Introduction

The enzymatic addition or removal of chemical cues—referred to as
post-translational modification—provides powerful mechanisms to
regulate protein function rapidly and reversibly. Polyglutamylation
is a modification that consists of the generation of polyglutamate
side chains at specific sites on a target protein (Fig 1). It was ini-
tially discovered on the proteins that build microtubules (MTs), the
a-tubulins and B-tubulins (Edde et al, 1990; Alexander et al, 1991;
Redeker et al, 1992; Rudiger et al, 1992). The length of the added
side chains can vary from 1 to about 20 glutamyl units, which
allows diverse signals to be encoded on a single modification site.
The selectivity for a- or B-tubulin, as well as the presence of several
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modification sites within a single tubulin molecule, increase further
the complexity of the signals that polyglutamylation can generate
on MTs. Understanding the impact of the information encoded by
polyglutamylation on the regulation of cellular function is therefore
especially challenging (Sidebar A). Here, we review the current
knowledge of polyglutamylation, from its discovery on tubulin to
the recent identification of the enzymes that catalyse it.

The discovery of tubulin polyglutamylation

MTs can be dedicated to many distinct functions, even within the
same cell. The generation of functionally diverse MTs results from
the molecular heterogeneity of tubulin. Besides the fact that MTs
can be diversified by the incorporation of different a- and B-tubulin
isotypes (Luduena, 1998), it was appreciated at an early stage that
post-translational modifications of a- and p-tubulin can rapidly and
locally adapt MTs to specific functions. Several groups searched
for such modifications by analysing the particularly high number
of tubulin variants observed in the brain (Field & Lee, 1988; Wolff
etal, 1982). The team of Bernard Eddé and Philippe Denoulet found
that a glutamate residue located within the carboxy-terminal tail
of a-tubulin is modified by the attachment of polyglutamate side
chains of variable lengths (Edde et al, 1990). The first glutamate
is added by the formation of a covalent bond between its amino
group and the y-carboxyl group of the glutamate that is modified,
in a reaction called initiation. Subsequent elongation reactions are
responsible for the formation of glutamate side chains. Although the
a- and y-carboxyl groups of the glutamyl units of the side chains are
both available for elongation, the new glutamates are linked mostly
to the a-carboxyl groups of the preceding glutamyl unit (Fig 1;
Redeker et al, 1991; Wolff et al, 1994).

Soon after the discovery of polyglutamylation on a-tubulin, it was
shown that this modification also targets the C-terminal tail regions of
B-tubulin (Alexander et al, 1991; Redeker et al, 1992; Riidiger et al,
1992). Moreover, indirect observations pointed to the existence of an
enzymatic activity that removes the polyglutamylation from tubulin,
and therefore implied that polyglutamylation could be a reversible
process (Audebert et al, 1993; Regnard et al, 1999). The balance of
modifying and demodifying enzymes could provide a flexible con-
trol mechanism for polyglutamylation, making the modification a
highly modular regulatory event.
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Fig 1| Mechanism of polyglutamylation. Polyglutamylation takes place on a glutamate residue within the primary sequence of the modified protein (modified
Glu). The first reaction, which is initiation (green), generates an amide bond between the y-carboxyl group of the modified glutamate and the amino group of the

first glutamyl unit (Glul). Subsequent elongation reactions (orange) link the a-carboxyl group of the preceding glutamyl unit with the amino group of the next

unit (Glu2, Glu3 and so on). Deglutamylase activity can shorten the side chain. C terminus, carboxy terminus; N terminus, amino terminus.

Sidebar A | In need of answers

(i) Polyglutamylation is a reversible post-translational modification;
however, the identity of the deglutamylating enzymes is still unknown.

(i) In mammals, 13 tubulin tyrosine ligase-like (TTLL) proteins have been
identified, nine of which are polyglutamylases, and one was recently shown to
be a glycylase. Are the remaining TTLL family members also amino-acid ligases?
(iii) We still do not know much about the functions of polyglutamylation
on microtubules, or what impact the diversity of the polyglutamylation
pattern could have on the regulation of these functions.

(iv) We do not know which effectors are regulated by polyglutamylation.

(v) Several non-tubulin proteins have been shown to be polyglutamylated,
but how does this modification affect the functions of these proteins?

Tubulin polyglutamylation discriminates MT species

Detailed studies of the distribution of tubulin polyglutamylation were
made possible by the development of the first monoclonal antibody
specific to the modification, glutamylated tubulin clone number 335
(GT335). This antibody was raised against a peptide that mimics the
C-terminal tail of a-tubulin modified with a side chain of two glutamyl
units. GT335 detects tubulin glutamylation irrespective of the length
of the side chains, and it labels all of the glutamylated forms of a- and
B-tubulin on western blots after two-dimensional gel electrophor-
esis. In immunofluorescence, GT335 strongly labels all of the MTs
in neurons (Wolff et al, 1992). In most other cell types, cytoplasmic
MTs have relatively low polyglutamylation levels; only centrioles,
which are specialized MT structures at the cores of centrosomes, are
strongly polyglutamylated in all cell types (Bobinnec et al, 1998a)—an
observation that led to an unexpected career for GT335 as a centriole
marker. In addition, a temporary and locally restricted appearance of
polyglutamylation was found in cell division, during which a notable
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increase in B-tubulin modification occurs on the MTs of the mitotic
spindle and the midbody (Bobinnec et al, 1998a; Regnard et al, 1999).
Another MT structure with high levels of polyglutamylation is the
axoneme, which is the central structure of cilia and flagella. The pres-
ence of the modification in mammalian spermatozoa (Fouquet et al,
1994), as well as in ciliated and flagellated unicellular organisms (Bre
etal, 1994; Weber et al, 1997), further indicated that polyglutamylation
is evolutionarily conserved from protists to mammals.

Thus GT335 helped to identify the hotspots of polyglutamyl-
ation as the MTs in neurons, axonemes and centrioles, as well
as cell-cycle-related MT structures such as the mitotic spindle
and the midbody (Fig 2A). More-detailed analysis of the modifi-
cation in these different MT species using mass spectrometry and
two-dimensional gel electrophoresis showed that the length of
the glutamyl side chains and the distribution of the modification
between a- and B-tubulin are highly diverse (Fig 2B). The possibil-
ity of modulating these two parameters allows polyglutamylation
to generate a large range of modification patterns on MTs, which
could contribute to their adaptation to various functions.

The potential roles of tubulin polyglutamylation

Polyglutamylation occurs within the C-terminal tail domain of tubu-
lins, which are the binding sites for many MT-associated proteins
(MAPs) and molecular motors. The presence of a highly modular
post-translational modification at these sites indicated that it could
regulate MT-MAP interactions (Fig 3). Support for this hypothesis
was obtained by blot-overlay assays of brain tubulin that had been
resolved in two-dimensional electrophoresis. In these experiments,
the affinity of MAP1B, MAP2, tau and neuronal kinesin increased pro-
gressively for tubulins bearing 1-3 glutamyl units, and then decreased
sharply for longer chains. By contrast, MAP1A maintained an affinity
for tubulin with long side chains (Bonnet et al, 2001; Boucher et al,
1994; Larcher et al, 1996). These results are not conclusive because
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Fig 2| The occurrence of tubulin polyglutamylation in mammalian cells. (A) Schematic representation of microtubule (MT) species that are modified by

polyglutamylation. In proliferating cells, cytoplasmic MTs are polyglutamylated at low levels in interphase. During cell division, polyglutamylation is locally

increased on the mitotic spindle and the midbody. Polyglutamylation is also enriched in neurons, as well as on specialized MT structures such as centrioles and

axonemes. (B) Parameters of polyglutamylation patterns observed on different MT species in mammals. Values can differ in more distant species. Asterisks

indicate that conflicting results about the final length of the side chains have been obtained, probably owing to the methods applied.

the tubulin molecule is denatured under the experimental conditions
that were used. Nonetheless, they imply that polyglutamylation could
regulate interactions between MTs and MAPs, and that this regulation
might be based on the presence or absence of polyglutamylation,
and also be fine-tuned by the length of the glutamyl side chains.
Moreover, polyglutamylation could regulate not only the binding
but also the activity of some MAPs and motors. For example, it has
been shown that the processivity of kinesins is mediated by electro-
static interactions between a basic neck-linker region of the motor
and the C-terminal tail of the tubulins. Reinforcing or reducing these
interactions by artificially adding positive or negative charges to the
kinesin neck region respectively increased or decreased the proces-
sivity of the motor (Thorn et al, 2000). Therefore, polyglutamylation
might, by increasing the negative charges on the C-terminal tubulin
tails, act as a regulator of motor function.

Initial functional studies on tubulin polyglutamylation were per-
formed by masking the modification with the glutamylation-specific
antibody GT335 in vivo. Incubation of permeabilized spermatozoa
with GT335 reduced the amplitude of flagellar beating, suggesting
that polyglutamylation is important for the interactions of axonemal
MTs with ciliary dyneins that generate the flagellar beat (Gagnon
et al, 1996). In a similar experiment, the injection of GT335 into
Hela cells caused the disruption of centrioles and the dispersion of
the pericentriolar material. This indicated that the high poly-
glutamylation levels on centrioles might be important for the integ-
rity of these MT-based structures and, consequently, for centrosome
function (Bobinnec et al, 1998b).
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Another approach used to investigate the function of poly-
glutamylation was the systematic mutation of all known modification
sites on either a- or B-tubulin in Tetrahymena thermophila. Mutations
of the modification sites on a-tubulin had no effect, whereas those
on B-tubulin were lethal (Xia et al, 2000). The phenotypes of the
B-tubulin mutants included cytokinesis defects, as well as ciliary
paralysis resulting from structural defects in axonemes (Thazhath
et al, 2004, 2002). However, these phenotypes might also be related
to the suppression of another post-translational modification of tubu-
lin, polyglycylation (Redeker et al, 1994), which occurs at similar sites.
Therefore, the results show that the modification of B-tubulin is essen-
tial for Tetrahymena, although it is not possible to specify whether the
observed phenotypes are related to the loss of polyglutamylation or
polyglycylation. Nevertheless, this genetic approach has provided
strong evidence of the importance of tubulin polymodifications.

Although all of these experiments imply that polyglutamylation
has an important role in diverse MT-related functions, they do not
provide unambiguous evidence for this hypothesis. More-conclusive
functional results might be obtained by directly modulating the poly-
glutamylation levels of tubulin, which has stimulated the search for
the enzymes that catalyse polyglutamylation.

Polyglutamylating enzymes

Since the discovery of polyglutamylation, much effort has been
dedicated to the identification of the modifying enzymes; however,
the road to the final discovery has been a bumpy one. By using
mouse brain as starting material, Catherine Regnard and Bernard
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Fig 3 | Localization of polyglutamylation sites on microtubules. Schematic representation of the arrangement of a—B-tubulin dimer within the microtubule (MT)

lattice. The positions of the acidic carboxy-terminal tails of both a- and B-tubulin, which are not resolved in the crystal structure, are indicated in red. Located on

the surface of MTs, the tails are the main interaction sites for MT-associated proteins (MAPs) and motors. Polyglutamylation, which occurs on the C-terminal

tails, might regulate these interactions. The central panel has been modified with permission from Amos, 2000.

Eddé set up a biochemical procedure to enrich the polyglutamyl-
ating activity present in this tissue, which allowed for a detailed
analysis of the enzymatic properties of neuronal polyglutamylase
(Regnard et al, 1998). Using a similar approach on extracts from
proliferating cells (Regnard et al, 1999), they showed for the first
time the existence of different types of glutamylating enzymes.
Notably, the activities of neuronal and Hela cell polyglutamylases
vary in their specificity towards a- or p-tubulin, and in the length of
the side chains that they generate.

As attempts to purify polyglutamylase further using classical bio-
chemical methods resulted in a loss of enzymatic activity, mono-
clonal antibodies that specifically immunoprecipitate the enzyme
were developed and used in a large-scale immunopurification.
Several proteins were co-purified together with the neuronal poly-
glutamylase activity (Regnard et al, 2003). The first protein to be
identified, polyglutamylase subunit 1 (PGs1), corresponded to the
product of the GTRGEO22 gene, a mutation of which had been
implicated in male sterility and neuronal defects in mice (Campbell
et al, 2002). Subsequent analysis of the GTRCEO22 mutant mouse
revealed disturbed MT-based neuronal traffic and a notable loss of
polyglutamylation on a-tubulin (Ikegami et al, 2007), showing that
PGs1 is important for tubulin polyglutamylation. Although PGs1 is
not directly involved in the catalysis of polyglutamylation, its locali-
zation to the main sites of polyglutamylation—neurons, axonemes
and centrioles—indicates that it acts as a localization subunit of a
bigger polyglutamylase complex (Regnard et al, 2003).

Indeed, PGs1 was shown to form a multiprotein complex with
four additional subunits (Janke et al, 2005), among which only one,
PGs3, has obvious homologies to a known protein, tubulin tyrosine
ligase (TTL; Ersfeld et al, 1993). This similarity to an amino-acid ligase
of tubulin indicated that PGs3, which is now called TTL-like protein 1
(TTLLT), is a strong candidate for the catalytic subunit of the neuro-
nal polyglutamylase. However, no enzymatic activity was detected
after the production of recombinant TTLL1 in different expression
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systems. The subsequent investigation of additional members of the
TTLL family in T. thermophila led to the discovery of the first poly-
glutamylase with autonomous enzymatic activity, Ttl6Ap (Janke
et al, 2005). This finding established that tubulin polyglutamylases
are members of the TTLL protein family.

The systematic study of the mammalian TTLL family revealed
the existence of 13 TTLL proteins that are characterized by the
presence of the highly homologous core TTL domain. Within this
group, six autonomously active polyglutamylases where identi-
fied. They all share with TTLL1 an additional homology motif, the
extended TTL domain. This suggests that the extended TTL domain
is a general characteristic of polyglutamylases and could help
to predict the enzymatic activities of other TTLLs (van Dijk et al,
2007). The subsequent enzymatic characterization of the six newly
discovered TTLL polyglutamylases showed that each enzyme has a
specific substrate and reaction preference (Fig 4), suggesting that
the particular polyglutamylation patterns that are found on differ-
ent MT subtypes (Fig 2) are directly determined by the specificities
of the enzymes involved in their generation (van Dijk et al, 2007).
How the activity of the enzymes is coordinated to generate locally
restricted and well-defined polyglutamylation patterns on MTs
remains to be established.

Perspectives

The identification of enzymes that catalyse polyglutamylation, and
the discovery of their predetermined substrate and reaction pref-
erences, now allow for more-systematic functional studies. The
depletion of the P-tubulin-preferring polyglutamylase TTLL7 in
the neuron-like cell line PC12 showed that the outgrowth of neu-
rites depends on tubulin polyglutamylation (Ikegami et al, 2006).
The importance of polyglutamylation for ciliary assembly and
function became apparent when the glutamylating enzyme TTLL6
was depleted in zebrafish, which caused aberrations in the forma-
tion, stability and function of a subset of cilia (Pathak et al, 2007).
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Moreover, a complete inhibition of ciliary beating was obtained
by the overexpression of Ttll6Ap in T. thermophila, which induced
a hyper-polyglutamylation of ciliary MTs (Janke et al, 2005). The
newly discovered polyglutamylases have therefore provided the
first evidence of the importance of polyglutamylation in MT func-
tions. However, a potential problem for the studies of tubulin poly-
glutamylation could be the functional redundancy of some of these
glutamylating enzymes. The identification of enzymes that remove
the modification—the deglutamylases—could further advance the
functional studies by providing additional experimental tools for
interfering with polyglutamylation.

Polyglutamylation is generally recognized as a modification of
tubulin, but it is not restricted to tubulin. Two prominent non-tubulin
substrates, nucleosome-assembly protein (NAP)1 and NAP2, were
identified 10 years after the initial discovery of tubulin polyglutamyl-
ation (Regnard et al, 2000). Notably, NAPs were recently shown to
share another post-translational modification with tubulin, poly-
glycylation. Although tubulin glycylases remain to be identified,
TTLL10, which is a member of the TTLL family that does not belong
to the polyglutamylase TTLL subgroup, was shown to catalyse NAP
glycylation (lkegami et al, 2008). It is therefore likely that tubulin
glycylases are also members of the TTLL protein family. In addition,
a proteomic approach identified more than100 proteins that bind
specifically to the glutamylation-specific antibody GT335. A detailed
analysis of these proteins led to the discovery of new substrates of
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polyglutamylation, including several chromatin-associated proteins
(van Dijk et al, 2008). These new substrates are modified by specific
TTLL polyglutamylases, although it is not known how polyglutamyl-
ation affects their biological function. Nevertheless, the discovery of
a broad range of substrates shows that polyglutamylation is a general
post-translational protein modification and should be considered as
a potential regulator of diverse cellular functions.
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